MODIS Dynamical and Microphysical Regimes as Viewed by AIRS by Oreopoulos, Lazaros et al.
	+  #!"+$
#$$)*+	


,#!$#!"!(!$102

4'& '?=>@
'&%!&?'*&,,=>@
 '
!&?=>@
!"!,'?>@
'*
:0%&?>@
!&$0&?
=>@
#&'2$%&,+97$'0,=	7!&'**>)0(*'*%+
https://ntrs.nasa.gov/search.jsp?R=20150000219 2019-08-31T14:22:24+00:00Z
	!(#$
*'0(!&+4+,%-(/*&+
!&'>1*!-'&+'$'0
3-&-'&&1*-$$'-'&
'*!&,'	

'0,DEK'DA*!$$+ 1
&'*,*!1$+?;$*<*!%+@

*'('0$'+,$:
7ECDG
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.99 RFO: 3.63CR1
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.87 RFO: 5.70CR2
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.98 RFO: 4.71CR3
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.89 RFO: 5.41CR4
0 1.3 3.6 9.4 23 60 379
cloud optical thickness
1000
800
680
560
440
310
180
50
c
l
o
u
d
 
t
o
p
 
p
r
e
s
s
u
r
e
(
m
b
)
CF: 0.90 RFO: 5.99CR5
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.91 RFO: 4.17CR6
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.88 RFO:12.42CR7
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.75 RFO: 8.00CR8
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.45 RFO:18.85CR9
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.20 RFO:31.12CR10
0.1 0.2 0.4 0.8 1.5 3 6 10 20 30
Cloud fraction (%)
#%$!(#
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.99 RFO: 3.63CR1
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.87 RFO: 5.70CR2
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.98 RFO: 4.71CR3
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.89 RFO: 5.41CR4
0 1.3 3.6 9.4 23 60 379
cloud optical thickness
1000
800
680
560
440
310
180
50
c
l
o
u
d
 
t
o
p
 
p
r
e
s
s
u
r
e
(
m
b
)
CF: 0.90 RFO: 5.99CR5
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.91 RFO: 4.17CR6
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.88 RFO:12.42CR7
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.75 RFO: 8.00CR8
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.45 RFO:18.85CR9
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.20 RFO:31.12CR10
0.1 0.2 0.4 0.8 1.5 3 6 10 20 30
Cloud fraction (%)
0.1
0.0
-0.1
-0.2
-0.3
O
m
e
g
a
 
[
P
a
/
s
]
 CR1 CR2 CR3 CR4 CR5 CR6 CR7 CR8 CR9 CR10

#$$ % 
#$$ %
$ $& %+  )#!  %
*# $
!! $
!! )$*# $
0 20 40 60 80
LW TOA CRE (W/m2)
0
-20
-40
-60
-80
L
W
 
S
F
C
 
C
R
E
 
(
W
/
m
2
)
CR1
CR2
CR3
CR4
CR5
CR6
CR7
CR8
CR9
CR10
annual CRE, Global
0
"#"%&! ,*'&+,
57;!!"#".
!(#46;!%&
EHK'&,*!0-'&
0+'FDK
0 5 10 15 20 25 30
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR 1
MEAN 16.12
RFO   3.23
Contribution  21.92
STD  11.76
0 5 10 15 20 25 30
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR 2
MEAN  6.54
RFO   4.51
Contribution  12.42
STD   7.70
0 5 10 15 20 25 30
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR 3
MEAN  7.40
RFO   4.04
Contribution  12.60
STD   6.31
0 5 10 15 20 25 30
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR 4
MEAN  3.78
RFO   3.63
Contribution   5.77
STD   4.84
0 5 10 15 20 25 30
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR 5
MEAN  2.82
RFO   4.62
Contribution   5.49
STD   3.63
0 5 10 15 20 25 30
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR 6
MEAN  0.97
RFO   3.42
Contribution   1.39
STD   2.11
0 5 10 15 20 25 30
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR 7
MEAN  0.67
RFO  14.61
Contribution   4.10
STD   1.89
0 5 10 15 20 25 30
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR 8
MEAN  0.70
RFO   7.75
Contribution   2.28
STD   2.23
0 5 10 15 20 25 30
P i i i ( )
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR 9
MEAN  0.88
RFO  16.29
Contribution   6.05
STD   2.63
0 5 10 15 20 25 30
P i i i ( )
0.00
0.01
0.02
0.03
R
e
l
a
t
i
v
e
 
F
r
e
q
u
e
n
c
y
0.0
0.2
0.4
0.6
0.8
1.0
C
u
m
u
l
a
t
i
v
e
 
P
r
o
b
a
b
i
l
i
t
y
CR10
MEAN  1.75
RFO  37.91
Contribution  27.96
STD   5.87
*!(!,-'&*,?%%=4@ *!(!,-'&*,?%%=4@
*# $!! $
-20 0 20 40
Net atmospheric CRE (W/m2)
0
50
100
150
200
250
300
350
400
450
500
P
r
e
c
i
p
i
t
a
t
i
o
n
 
(
W
/
m
2
)
CR1
CR2
CR3
CR4
CR5
CR6
CR7
CR8 CR9
CR10
%%!$"#+
-10 -5 0 5 10 15 20 25
RH anomaly (%)
1000
800
600
400
200
P
r
e
s
s
u
r
e
 
(
h
p
a
)
CR1
CR2
CR3
CR4
CR5
CR6
CR7
CR8
CR9
CR10
AIRS
-3 -2 -1 0 1 2 3
Temperature anomaly (K)
1000
800
600
400
200
P
r
e
s
s
u
r
e
 
(
h
p
a
)
CR1
CR2
CR3
CR4
CR5
CR6
CR7
CR8
CR9
CR10
AIRS
	"  !$$!*$& %
%#!+ $%#(%(#!	#$
0.1
0.0
-0.1
-0.2
-0.3
O
m
e
g
a
 
[
P
a
/
s
]
 CR1 CR2 CR3 CR4 CR5 CR6 CR7 CR8 CR9 CR10

#$$ % 
#$$ %
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.99 RFO: 3.63CR1
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.88 RFO:12.42CR7
	 !$!#( %  #!$!
 #%%$
-10 -5 0 5 10 15 20 25
RH anomaly (%)
1000
800
600
400
200
P
r
e
s
s
u
r
e
 
(
h
p
a
)
CR1
1Q-AI
3Q-AI
AIRS
-10 -5 0 5 10
RH anomaly (%)
1000
800
600
400
200 CR7
1Q-AI
3Q-AI
AIRS
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.99 RFO: 3.63CR1
0 1.3 3.6 9.4 23 60 379
1000
800
680
560
440
310
180
50
CF: 0.88 RFO:12.42CR7
	%" !$!#( %  #!$!
 #%%$
-3 -2 -1 0 1 2 3
Temperature anomaly (K)
1000
800
600
400
200
P
r
e
s
s
u
r
e
 
(
h
p
a
)
CR1
1Q-AI
3Q-AI
AIRS
-1.5 -1.0 -0.5 0.0 0.5 1.0 1.5
Temperature anomaly (K)
1000
800
600
400
200
CR7
1Q-AI
3Q-AI
AIRS
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR1 RFO: 7.34
Liquid CF:  5.6
Ice CF: 91.6
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR2 RFO: 7.73
Liquid CF:  7.2
Ice CF: 82.1
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR3 RFO: 6.91
Liquid CF: 20.8
Ice CF: 71.7
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR4 RFO: 5.51
Liquid CF: 85.2
Ice CF:  6.9
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR5 RFO: 8.18
Liquid CF: 72.6
Ice CF:  5.7
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR6 RFO: 5.22
Liquid CF: 78.5
Ice CF:  6.1
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR7 RFO: 9.99
Liquid CF: 65.0
Ice CF:  8.3
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR8 RFO:49.11
Liquid CF: 14.4
Ice CF: 12.3
0.1 0.2 0.4 0.8 1.5 3 6 10 20 30
Cloud optical thickness
C
l
o
u
d
 
e
f
f
e
c
t
i
v
e
 
r
a
d
i
u
s
 
(
μ
m
)
	#!"+$#$17/4."#2
!
$!)0!
!
$!)0!
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 4 8 15 30 50 100
2
6
10
15
20
30
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR1 RFO: 7.34
Liquid CF:  5.6
Ice CF: 91.6
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR2 RFO: 7.73
Liquid CF:  7.2
Ice CF: 82.1
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR3 RFO: 6.91
Liquid CF: 20.8
Ice CF: 71.7
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR4 RFO: 5.51
Liquid CF: 85.2
Ice CF:  6.9
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR5 RFO: 8.18
Liquid CF: 72.6
Ice CF:  5.7
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR6 RFO: 5.22
Liquid CF: 78.5
Ice CF:  6.1
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR7 RFO: 9.99
Liquid CF: 65.0
Ice CF:  8.3
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR8 RFO:49.11
Liquid CF: 14.4
Ice CF: 12.3
0.1 0.2 0.4 0.8 1.5 3 6 10 20 30
Cloud optical thickness
C
l
o
u
d
 
e
f
f
e
c
t
i
v
e
 
r
a
d
i
u
s
 
(
μ
m
)
7/4	#!"+$#$
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
0
10
20
30
40
50
P
D
F
 
(
%
)
CR1
MYDC51 MEAN 25.50
MYDC 6 MEAN 35.23
AIRSL6 MEAN 25.44
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
0
10
20
30
40
50
P
D
F
 
(
%
)
CR 2
MYDC51 MEAN 26.35
MYDC 6 MEAN 33.90
AIRSL6 MEAN 26.00
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
0
10
20
30
40
50
P
D
F
 
(
%
)
CR 3
MYDC51 MEAN 18.00
MYDC 6 MEAN 25.46
AIRSL6 MEAN 23.75
	-1*!0+?L%@
	# ""  %!7/4#!#$
0 1 2 3 4 5 6 7 8
0
10
20
30
40
50
P
D
F
 
(
%
)
CR1MYDC51 MEAN  5.30MYD C6  MEAN  5.02
AIRS L6  MEAN  3.81
0 1 2 3 4 5 6 7 8
0
10
20
30
40
50
P
D
F
 
(
%
)
CR 2MYDC51 MEAN  3.84MYD C6  MEAN  2.99
AIRS L6  MEAN  2.21
0 1 2 3 4 5 6 7 8
0
10
20
30
40
50
P
D
F
 
(
%
)
CR 3MYDC51 MEAN  4.88MYD C6  MEAN  4.23
AIRS L6  MEAN  2.44
	$'0'(-$(, 
!$$$
•   1!&,*'0	;4&%!$<*!%+?+@*'%
DC4*+''+?, !+!+&28&	,+,$+'3!+,+@
•   	4&%!$+ 1!+-&,(*!(!,-'&&
 *,*!+-+&&*&#!&,*%+'$'$'&,*!0-'&+
•   *!%+&$*$4*'0(,', '+, ,2*%&,'
, '+, ,''$, ,%'+( **!-1$4: '*%*$+'
(*'0, $*+,$,&, -&:
•   *%4$+'1$0!&&2$++'*!%+7;%!*'( 4+!$<
*!%+7(*-0$*$4'*+,04!&*'+'$>$'0!&,*-'&+
•  !2+*'%	?&>*!&-1+&+'*+@*!%('*,&,'*
0&*+,&!&, &,0*'', *!%$+++7$'0>*'+'$
!&,*-'&+7&(* (+$+', )0$!,4'	$'0*,*!1$+
&! $$
0 1 2 3 4 5 6
0
1
2
3
4
5
6
7
0 1 2 3 4 5
0 1.3 3.6 9.4 23 60 150
cloud optical thickness
1100
800
680
560
440
310
180
50
c
l
o
u
d
 
t
o
p
 
p
r
e
s
s
u
r
e
(
m
b
)
0 1 2 3 4 5 6
0
1
2
3
4
5
6
7
0 1 2 3 4 5
0 1.3 3.6 9.4 23 60 150
cloud optical thickness
1100
800
680
560
440
310
180
50
c
l
o
u
d
 
t
o
p
 
p
r
e
s
s
u
r
e
(
m
b
)
0 1 2 3 4 5 6
0
1
2
3
4
5
6
7
-3 -2 -1 0 1 2 3
0 1.3 3.6 9.4 23 60 379
cloud optical thickness
1000
800
680
560
440
310
180
50
c
l
o
u
d
 
t
o
p
 
p
r
e
s
s
u
r
e
(
m
b
)
 

)0'&$4
0 4 8 15 30 50 100
2
6
10
15
20
30
W
a
t
e
r
 
c
l
o
u
d
 
e
f
f
e
c
t
i
v
e
 
r
a
d
i
u
s
 
(
μ
m
)
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
I
c
e
 
c
l
o
u
d
 
e
f
f
e
c
t
i
v
e
 
r
a
d
i
u
s
 
(
μ
m
)
0.1 0.4 0.8 1.2 1.6 2 2.5 3 3.5 4
Cloud optical thickness

0 4 8 15 30 50 100
2
6
10
15
20
30
W
a
t
e
r
 
c
l
o
u
d
 
e
f
f
e
c
t
i
v
e
 
r
a
d
i
u
s
 
(
μ
m
)
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
I
c
e
 
c
l
o
u
d
 
e
f
f
e
c
t
i
v
e
 
r
a
d
i
u
s
 
(
μ
m
)
0.1 0.4 0.8 1.2 1.6 2 2.5 3 3.5 4
Cloud optical thickness
 	  
  
 









!






"







!

#






"
 


μ


 
 
 
  
 





	








"







!

#






"
 


μ


ï ï ï    
"!!  
 
	#$* *%!&! 8
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR1 RFO: 5.52
Ice CF: 88.1
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR2 RFO: 7.67
Ice CF: 78.7
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR3 RFO: 6.15
Ice CF: 65.0
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR1 RFO: 7.49
Ice CF: 91.3
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR2 RFO: 7.99
Ice CF: 82.2
0 2.5 7.5 15 30 50 100
5
10
20
30
40
90
CR3 RFO: 6.60
Ice CF: 71.7


	#!"+$#$$ $&)%!!&! 
-3 -2 -1 0 1 2 3
Temperature anomaly (K)
1000
800
600
400
200
P
r
e
s
s
u
r
e
 
(
h
p
a
)
CR1
CR2
CR3
CR4
CR5
CR6
CR7
CR8
CR9
CR10
AIRS
-3 -2 -1 0 1 2 3
Temperature anomaly (K)
1000
800
600
400
200
P
r
e
s
s
u
r
e
 
(
h
p
a
)
CR1
CR2
CR3
CR4
CR5
CR6
CR7
CR8
CR9
CR10
MERRA
-10 -5 0 5 10 15 20 25
RH anomaly (%)
1000
800
600
400
200
P
r
e
s
s
u
r
e
 
(
h
p
a
)
CR1
CR2
CR3
CR4
CR5
CR6
CR7
CR8
CR9
CR10
AIRS
-10 -5 0 5 10 15 20 25
RH anomaly (%)
1000
800
600
400
200
P
r
e
s
s
u
r
e
 
(
h
p
a
)
CR1
CR2
CR3
CR4
CR5
CR6
CR7
CR8
CR9
CR10
MERRA
